Solvent extraction reagents containing the diphosphonic acid group exhibit an extraordinary affinity for tri-, tetra-and hexavalent actinides. Their use has been considered for actinide separation and pre-concentrationprocedures. Solvent extraction data obtained with P,P'-di(2-ethylhexyl)methane-, ethane-and butanediphosphonicacids exhibit features that are difficult to explain without lmowledge of the aggregation state of the extractants. Information about the aggregationof the dialkyl-substituteddiphosphonic acids in aromatic diluents has been obtained using the complementary techniques of vapor pressure osmomet~(VPO), small angle neutron scattering (SANS), tired spectroscope y and molecular mechanics. The results from these techniquesprovide an understandingof the aggregation behavior of these extractants that is filly compatible with the solvent extraction data.
INTRODUCTION
Aqueous soluble diphosphonic acids arepowerfid completing agents for a wide variety of metal ions, especially actinides and lanthanides (1,2). The chelating ion exchange resin Dlphonix@ contains a germinally substituted dlphosphonic acid ligand chemically bonded to a styrene-based polymeric matrix. Because of its extraordinarily strong affinity for actinide ions and for iron(III), the resin has found application in procedures for actinide separations and in hydrometallurgical processes where efficient separation of Fe(III) from other transition metals is required (3). where R is the 2-ethylhexyl group and n is one, two or four, for P,P'-di(2-ethylhe@) methane-(H2DEH [MDP] ), ethane-(H2DEH [EDP] ), and butane-(H2DEH!@.JDP]) diphosphonic acids, respectively. The recently developed extraction chromatographic resin Dipex@ is a noteworthy example of a practical application of H2DEH [MDP] in actinide separation procedures (4).
It is well established that acidic organophosphorus extractants strongly aggregate in non-polar diluents (5,6). Monoprotic acids usually dimerize to form an R;(8) ring, analogous to that formed in the familiar dimerization of carboxylic acids. Rx(8), in the Etter hydrogen bond assembly classification (7), denotes an 8-membered ring structure containing two hydrogen bond donors and two hydrogen bond acceptors. Hydrogen bonding in organophosphorus acid dlmers, however, is known to be stronger than in carboxylic acid dimers (8, 9) . The aggregation behavior of diprotic acids is more complicated. When two monomers hydrogen bond to form a dimeric species containing one R:(8) ring, the resulting aggregate has additional -OH groups that can serve as sites for fiu-ther aggregation (10). This explains why di(2-ethylhexyl) phosphoric acid, HDEHP, is dimenc in benzene (6,11), while the diprotic acid mono(2-ethylhexyl) phosphoric acid, HJvIEHP, can have an aggregation number as high as 12 in the samediluent (11, 12) .
Since HDEHP and HMEHY can be regarded as monofinctiomd analogues of the diphosphonic acids shown in Structure I, the question arises whether the aggregation behavior of H2DEH [MDP] , H2DEH [EDP] and H2DEH [BuDP] is similar to that of dibasic acid or if aggregation is limited to the formation of dimers like a monobasic acid.
Knowledge of the aggregation state of an extractant is important not only fi-om a a basic structural point of view, but it is also vital for understanding metal extraction chemist~, especially, the interpretation of the slope values of extractant dependencies. In solvent extraction systems characterized by extensive extractant aggregation, extractant dependencies are generally unity and independent of the type of metal ion extracted. This type of behavior has been reported for the extraction of actinides and lanthanides by H2MEHP in aromatic diluents (10, 12, 13) . With highly aggregated extractants, such as H2MEHP, metal ions are buried within the extractant aggregate and held in place by forces analogous to those in solid ion exchange resins (10). Similar results have been reported for other highly aggregated extractants, e.g., quaternary alkylammonium salts (14) and dinonylnaphthalene sulfonic acid in non-depolymerizing diluents (15). These examples illustrate the effect that the aggregation state of the extractant molecule can have on the metal extraction chemistry. [BuDP] in aromatic diluents has been investigated by infrared spectroscopy, vapor pressure osmometry (l'PO), molecular mechanics methods and small angle neutron scattering (SANS). These complementary techniques have provided valuable insights into the unique metal solvent extraction data exhibited by these compounds. The objective of the present work is to summarize the results of our recent aggregation studies and illustrate how these results provide an understanding of the metal solvent extraction chemistry.
The aggregation behavior of H2DEH[MDP], H2DEH[EDP] and H2DEH

EXPERIMENTAL
Materials
The preparation, purification and properties of H2DEH [MDP] , H2DEH [EDP] and H2DEH [BuDP] , as well as the radioisotopes and other reagents used in this work have been reported previously (16-18).
Techniques
The distribution ratio measurements were performed as reported in references 16-18. The details of the VPO and IR measurements can be found in references 18-23. The SANS measurements on deuterated toluene solutions of H2DEH~P], H2DEH
[EDP] and H2DEH [BuDP] and their metal complexes were made using the time-of-flight smallangle neutron difiactometers SAD and SAND at the Intense Pulsed Neutron Source (IPNS) at Argonne National Laborato~. The characteristics of the diffractometers, the data treatment and the equations used to calculate the weight-average aggregation number, n, of the aggregates have been reported in earlier studies (24) (25) (26) Figure 2 . A complete discussion of these spectra and their changes upon metal extraction has been given in references 18-23. In this presentation, only spectral features that are directly related to extractant aggregation will be discussed.
There are no absorption bands in the spectra shown in Figure 2 that can be attributed to free hydroxyl groups. Three broad bands of medium intensity, characteristic of the P(0)(OH) group of an alkyl phosphoric acid, appear at relatively low frequencies at about 2700, 2300 and 1700 cm-l. This behavior is characteristic of O-H groups that are strongly involved in hydrogen bonding to phosphogd oxygen atoms (11, 12) . These three bands disappear upon metal salt formation as expected.
Some of the strongest absorption bands in the spectra occur in the 950-1250 cm-l region. The band at -1200 cm-~is of particular interest. This band has been assigned as a phosphoryl absorption by comparison with the spectra of related organophosphorus acids (27, 28) . The frequency of this band is considerably lower than that reported for the corresponding tetra-ethyl esters due to strong hydrogen bonding with the P-OH group (29) [BuDP] a single broad P=O stretching band is observed. The appearance of two bands in the P=O stretching region of the spectrum of H2DEH [MDP] initially led to the hypothesis that two different types of hydrogen bonds, i.e., intra-and intermolecular, were present in the aggregate. The appearance of a single phosphotyl band in the spectra of H2DEH[EDP] and H2DEH [BuDP] implied that all the hydrogen bonds in the aggregate are equivalent.
IR spectra of toluene solutions of H2DEH[MDP], H2DEH[EDP] and H2DEH
[BuDP] afler metal extraction from aqueous solutions in some cases showed water absorption bands at -3400 and -1660 cm-l. This indicates that with some metal ions, water as well as the metal ions are extracted by the diphosphonic acids. Although no quantitative study of water extraction was performed, the water absorption bands were particularly strong in the extraction of alkaline earth cations and Eu(IH) by H2DEH [EDP] . H2DEH [EDP] is unique in its ability to extract water. In fact, even solutions of H2DEH[EDP] pre-equilibrated with aqueous nitric acid in the absence of metal ions exhibit characteristic water absorption bands. Co-extraction of water is generally observed when the extractant forms large aggregates in the organic phase that behave like reverse micelles (30, 31) .
Osmometric measurements
Vapor pressure osmometry (VPO) measurements on toluene solutions of H2DEH [MDP] , H2DEH[EDP] and H2DEH [BuDP] were used to determine aggregation numbers for these extractants in a non-polar diluent (18) (19) (20) . Some typical results are compared in Figure 3 with data for the monomeric standard bibenzyl. To a first approximation, in the concentration range investigated, the VPO plots are linear. Thus, the aggregation number (n) of an extractant can be obtained simply from the ratio of the slope of the standard to that of the extractant. The data in Figure 3 Complementary VPO measurements were run on solutions of the extractants afler loading the organic phase with selected metal ions through solvent extraction. The data revealed that in several cases, at high metal concentrations in the organic phase, the metalextractant complexes were highly aggregated. This was particularly evident for the The highly aggregated state of H2DEH[EDP], which is not disrupted by metal extraction, explains the extractant dependencies reported in Figure 1 . Assuming that the hexameric aggregates of H2DEH[EDP] behave as reverse micelles in solution, cations could be transferred into the hydrophilic cavity of the aggregate without disrupting aggregation while retaining most of their hydration sphere. This view is consistent with the strong water absorption bands observed in the infrared measurements for H2DEH [EDP] .
Based on this extraction mechanism, it was possible to calculate the value of the aggregation constant for H2DEH [EDP] from the alkaline earth extractant dependency data (17), following an approach similar to that used previously to explain analogous effects in metal ion extraction by dialkylnaphthalene sulfonic acids (30, 32) . Following this procedure, a PGvalue of (6~1) 101swas obtained.
The aggregation constants for H2DEH [BuDP] were obtained from osmometric measurements (18). The VPO data for H2DEH [BuDP] reported in Figure 3 show a small deviation from linearity. The straight line fit of the data has a slope consistent with an average aggregation number of about 3.3. This strongly suggests the formation of predominantly trimeric aggregates in equilibrium with other somewhat larger species. By best fitting the data with mass balance and aggregation equilibria expressions, it was found that the aggregation of H2DEH[BuDP] in toluene is best described as an equilibrium involving the formation of trimeric and hexameric species with~3 = (6.2 + 1.6) 10b and b = (1.8 + 0.5) 101q.Using these~values, it is easy to show that the trimer is the predominant H2DEH[BuDP] species present in solution at concentrations up to 0.1 M. This aggregate is assumed to be the primary metal extracting species. In the case of the H2DEH[MDP] dimer, it was not possible to calculate the dimerization constant. The linearity of the VPO data shown in Figure 3 indicates that the dimerization constant is sufficiently large so that the ligand is dimeric over the entire concentration range investigated. 
Conformation of the H2DEH[MDP] dimer
VI
As mentioned earlier, the appearance of two bands in the phosphoryl stretching region of the infrared spectrum of H2DEH [MDP] suggests that the dimer might contain two different types of hydrogen bonds, as shown in III or IV (the symmetrical conformations V and VI only contain intermolecular hydrogen bonds). Thk possibility was tested by continuous variation infrared spectroscopic studies. In this investigations, the effect on the P=O stretching vibration of progressively replacing the CCIJ dlluent in a solution of H2DEH [MDP] with the depolymerizing diluent 1-decanol was observed (23).
(Note that the spectra of the diphosphonic acids in CC14and toluene are identical, so that the following considerations apply to both diluents (23)).
The intramolecular hydrogen bonds in the R:(4) and R:(6) moieties of structure HI and IV are expected to be dkupted by added decanol sooner than the intermolecular hydrogen bonded rings. Thus, the band corresponding to the R:(4) or R:(6) moieties should shifi gradually as decanol is added. In dimer structures V and VI, which contain two adjacent R;(8) moieties, the entire structure would be destabilized by replacement of any one of the four hydrogen bonds by hydrogen bonds to decanol. The single P=O stretching band anticipated for these structures would be expected to abruptly shift at the decanol concentration at which the dimer dissociates.
The observed infrared spectra of HzDEH [MDP] in the presence of increasing concentrations of decanol showed that one absorption in the P=O stretching region (1189 cm-') remained constant even when the CC14 solvent was entirely replaced by decanol. The other absorption band in this region remained constant at 1238 cm-* as the solvent was changed incrementally from CQ to a CCl~-decanol mixture where the decanol concentration was eight times the concentration of the diphosphonic acid. Upon complete replacement of the solvent by decanol, this band shifted abruptly to 1231 cm-'.
Since the 1189 cm-l band is solvent independent and still present when the diphosphonic acids are monomeric, it cannot be reasonably assigned to a hydrogen bonded P=O stretching mode. This band must arise from another mode that coincidentally occurs in this region (23). The 1238 cm-l band of HzDEH [MDP] , therefore, is assigned as the only P=O stretching vibration. The abrupt shifl of this band upon complete solvent replacement is consistent with structures V and VI.
To filly elucidate the relative stability of structures XIX-VI,molecular mechanics calculations were performed. A variety of starting structures containing two (such as III and IV) or four (such as structures V and VI) intermolecular hydrogen bonds were generated and geometry-optimized. For ease of computation, the 2-ethylhexyl groups in H2DEH [MDP] were replaced by methyl groups. Two highly hydrogen bonded dimer structures were found to be the most stable. They exhibited the hydrogen bonding patterns of structures V or VI. The lowest energy cotiormation found for structure VI was slightly higher in energy than the lowest energy conformation found for structure V. The hydrogen bonding in VI is expected to be slightly weaker than in V, due to larger intermolecular H" H repulsions, as illustrated below, v VI In these structures, the intermolecular proton-proton repulsions in dimer structures V and VI are represented as arrows. Repulsions are both within R;(8) rings and between adjacent rings. In structure V, the intermolecular inter-ring repulsions are between protons at opposite comers of the dimer; in structure VI, they are between protons at adjacent comers. The calculated energy difference is less than 1 kcal mol-l, which suggests that both V and VI are populated in an equilibrium mixture (23).
SANS investigations
Small Angle Neutron Scattering (SANS) is a powerfhl technique in structural studies of polymers and rnicelles (33) . Recent studies have shown the applicability of the SANS technique to solvent extraction chemistry. SANS has the unique ability to elucidate the size and shape of both the extractant aggregates and the polymeric species formed upon metal ions extraction (34) (35) (36) (37) . The need exists for a better knowledge of the species that are formed under conditions likely to be met in practical applications of solvent extractions, i.e., at high metal loading of the organic phase. Under these conditions, large aggregates or polymeric species are often formed that have not been studied in detail (31) . The application of SANS to this aspect of solvent extraction chemist~is particularly promising. The results in Table 1 substantiate the VPO results discussed earlier. The radius of gyration,~, of the aggregates is a measure of the spatial extension of the particle. R~is given by the root-mean-squared distance of all the atoms from the centroid of the scattering particle. The & values in In our attempts to obtain more detailed information about the three-dimensional shape of the H2DEH[EDP] aggregate, we were able to fit the SANS data with a spherical model with a radius R of 11.8 * 0.2 i% The fit is shown in Figure 4 . In this aggregate, the alkyl groups are likely oriented outwards (toward the solvent) and a large hydrophilic internal cavity is available to accommodatemetal cations andlor water molecules.
SANS studies of the aggregation of HzDEH
Because the VPO data discussed earlier revealed the tendency of some metalextractant complexes to aggregate extensively in the organic phase, SANS measurements were also performed on deuterated toluene solutions of the three diphosphonic acids tier extraction of progressively higher concentrations of selected metal cations (24-26).
Both U(VI) and Th(IV) form large aggregates with H2DEH[MDP]
. This is particularly true for Th(IV) for which aggregates containing up to -200 ligand molecules were identified (25). These aggregates grow in three dimensions and it is likely that that these species have the same three-dimensional structure as the Th(DEHIMDP])l salt that precipitates under very high metal loading conditions in the biphasic system used to extract Th(IV).
The Fe(III)-H2DEH[MDP] system is particularly striking. The SANS results confirm the tendency of the Fe(III) complexes with H2DEH[MDP] to aggregate extensively. Further, the measurements reveal the presence of rod-like particles of constant radhs but variable length which depends on the concentration of metal in the organic phase. As more metal is brought into the organic phase, particle growth is propagated by attachment to terminal sites of the existing rod-like aggregates. Table 2 reports the radius of gyration, aggregation number, and radius and length of the rod-like particles identified after extraction of Fe(III) from aqueous solutions containing different HN03 concentrations.
The average radius of 9~for the aggregates reported in Table 2 agrees with results of previous SANS investigations on monofi.mctional analogues of H2DEH[MDP] (34) . It is reasonable to assume that the hydrocarbon chains of the ester are oriented toward the exterior of the cylindrical aggregates, while the metal ions interact with the polar groups of the extractant which are oriented toward the interior of the cylinder. The metal ions thus are located along a charnel in the center of the cylinder. If this is the case, a plausible structure of the metal-extractant polymeric species is shown in Structure VII. Similar structures have been recently observed for solid-state, eight-and seven-coordinate, crystalline lanthanide complexes of 1-hydroxyethane-1,1-diphosphonic acid, HEDPA (an aqueous soluble, non-akyl-substituted analogue of H2DEH[MDP] (38). H2DEH [EDP] complex was -8. Apparently, the increase in the length of the alkyl bridge connecting the two P atoms of the Iigand by one CHZ group, not only has a profound effect on the state of aggregation of the extractant itsel~but also on the tendency of metal complexes to extensively aggregate.
The n values measured for H2DEH [EDP] solutions afler extraction of Ca(II), La(III), and U(VI) are not significantly different from that of the extractant alone. In these cases the aggregation number is -6. It was mentioned earlier that the extraction of some cations does not alter the inbred spectrum of the extractant and that water is coextracted. Thus, the SANS results confirm that metal extraction occurs primarily through cation transfer into the hydrophilic cavity of the hexameric aggregate with little, if any, disruption of the solution structure of the extractant. This type of extraction, reminiscent of metal extraction by reverse rnicelles, is consistent with the the extractant dependencies measured for alkaline earth cations, Am(III), and U(VI) (see, for example, Figure 1 ). The SANS data obtained for a U(VI)-H2DEH[EDP] solution with a ligand to metal ratio of -2 were fitted with a spherical particle model with a radius of 12.4 + 0.5~. If the reverse micelle analogy applies to this solution, the n value of-6 implies that three uranyl ions are present in the internal cavity of the hexameric aggregate. Thus, the spherical hexameric aggregate of H2DEH[EDP] does not change its structure even at the maximum U(VI) loading attainable. Structure VIIX In these aggregates, each Fe(III) atom only interacts with phosphonate groups belonging to different ligand molecules. In H2DEH [BuDP] , the donor atoms of the ligand are too far apart to interact simultaneously with the same metal atom. Solvent extraction studies have shown that H2DEH[BuDP] interacts with metal ions in a way that is similar to its monofimctional analogues. The phosphonate groups of the ligand act independently horn one another and complex metal ions in a non-cooperative manner (18). With increasing metal concentratio~the rod-like particles initially formed grow thicker. This growth presumably occurs via opening of the ring formed by two ligand molecules bound to adjacent Fe(III) atoms. In this way, two sidearms form that grow independently in a three-dimensional network.
CONCLUSIONS
The aggregation of the solvent extraction reagents P,P '-di(2-ethylhexyl) [BuDP] , respectively) in toluene solutions has been investigated using the complementary techniques of itiared spectroscopy, vapor pressure osmometry (VPO), molecular mechanics and small angle neutron scattering (SANS).
The results of our investigations have shown that the length of the W@ chain separating the two P atoms of the extractant molecule has a profound effect on the aggregation state of the extractant. The extractant's aggregation state, in turn, strongly affects the metal solvent extraction chemistry.
Experimental and computational evidence established that H2DEH[MDP] is a dimer in toluene. The aggregate is stabilized by strong hydrogen bonding. The most stable conformation of the dimer is a closed, symmetrical intermolecular hydrogen bonds with two adjacent R j (8) moiety, such as structures V and VI. structure containing only rings and a larger R: (12) H2DEH [EDP] forms hexameric, spherical aggregates in toluene. The hexameric H2DEH [EDP] aggregates most likely adopt a structure comparable to that of reverse micelles. In these aggregates, the alkyl groups are oriented toward the solvent and a large hydrophilic internal cavity is available to accomadate metal cations. The highly aggregated state of H2DEH [EDP] and the fact that the aggregation is not disrupted by the extraction of several metal cations has been used to explain the extractant dependencies of unity measured for the extraction of alkaline earth cations, Am(III) and U(VI). These metal ions are transferred into the hydrophilic cavity of the aggregate without disrupting its structure while retaining most or part of their hydration sphere.
The aggregation of H2DEH [BuDP] in toluene is best described as an equilibrium involving the formation of trimeric and hexameric species. The tnmer is the predominant species in the concentration range investigated. The internal core of the H2DEH [BuDP] aggregate is less hydrophilic than that of the H2DEH [EDP] The formation of large aggregates has important implications for practical application of solvent extraction reagents. For example, if the extraction chromatographic resin Dipex, which contains H2DEH[MDP] adsorbed in the pores of an inert support (4), is used to separate metaI ions such as Fe(III) and actinides from solutions where the metal concentrations are relatively hig~aggregated species may form. Because of their higher viscosity, these species might slow down or even prevent fiu-ther metal uptake. Stripping of the sorbed metal species from the resi~under these conditions, could also become d~fficult. Similar complications could arise in more conventional liquid-liquid solvent extraction procedures due to the formation of polymeric interracial cruds even at relatively low metal loading of the organic phase. ('
